The number of people living under disturbed daily rhythm has been increasing due to the globalization of business and social activities as well as the diversifi cation of the forms of labor. Such irregularities in daily rhythm adversely affect bio-regulatory mechanisms, resulting in an abnormal diurnal rhythm that can impede biological activities structurally and functionally. However, there is currently no source of collected basic data on the nutritional aspects of maintaining or promoting health under the condition of disturbed daily rhythm. The perspective behind this research is as follows: as basic data on the relationship between nutritional status and gonadal development in rats with disturbed daily rhythm accumulate, these data can be used for human research, and fi nally, dietary reference intakes can be compiled for persons living under disturbed daily rhythm.
The number of people living under disturbed daily rhythm has been increasing due to the globalization of business and social activities as well as the diversifi cation of the forms of labor. Such irregularities in daily rhythm adversely affect bio-regulatory mechanisms, resulting in an abnormal diurnal rhythm that can impede biological activities structurally and functionally. However, there is currently no source of collected basic data on the nutritional aspects of maintaining or promoting health under the condition of disturbed daily rhythm. The perspective behind this research is as follows: as basic data on the relationship between nutritional status and gonadal development in rats with disturbed daily rhythm accumulate, these data can be used for human research, and fi nally, dietary reference intakes can be compiled for persons living under disturbed daily rhythm.
Lighting is one of the key external factors for the formation of daily rhythm. Rats kept under constant darkness develop disturbances in their feeding and motoractivity rhythms, and suffer from altered rhythms of hormone secretion and enzyme activity (1, 2) . Esashi et al. (3, 4) have reported that rats kept under constant darkness showed depressed gonadal development and a decreased delivery rate. The depression of gonadal development in these rats was accelerated by a low-protein diet (4) . These fi ndings indicate that the gonads have high sensitivity to constant darkness and nutrients.
In previous papers, we have reported the effects on rat gonadal development of protein, methionine, vitamins, minerals and oil (5), minerals (6) , amino acids, an AIN-76 diet and an AIN-93G diet (7) , the interaction between protein and vitamins (8) , water-and fat-soluble vitamins (9) and each of the fat-soluble vitamins (10) . We have demonstrated that a high level (three times the normal (AIN-93G)) of water-soluble vitamin and a low level (1/3.3 of normal) of fat-soluble vitamin diet mitigated the depression of gonadal development in rats kept under constant darkness (9) . Therefore, as a next step, we attempted to clarify the effects on gonadal development of nine kinds of water-soluble vitamins under a diet with a low level of fat-soluble vitamins. In this experiment, the content of each water-soluble vitamin was normal or six times the normal content. This study was divided into two experiments, because a single experiment to test all nine water-soluble vitamins couldn't be done. In the fi rst experiment (Ex. 1) we examined seven water-soluble vitamins, and in the second experiment (Ex. 2) we examined two water-soluble vitamins. Experiment 1 was carried out using an orthogonal array (11, 12) , which is the experimental design we applied in previous studies (5-7, 10), and Ex.
2 was based on three-way layout methods.
METHODS

Animals.
For each experiment, 48 Fischer strain (F344) male rats (purchased from Charles River Japan, Inc., Kanagawa, Japan, at 3 wk of age) were preliminarily maintained for a week on the AIN-93G purifi ed diet (13) and then divided into 16 experimental groups of three rats each (Ex. 1) or eight experimental groups of six rats each (Ex. 2). No differences were found among the mean body weights of rats from any of these groups. The rats were kept under constant darkness (D-groups) or normal lighting (12-h light/dark cycle, N-groups) for 4 wk. Food intake and body weight were recorded every other day. The care of rats kept under constant darkness included lighting a red lamp for about 2 h; the lamp was for photographs and such lighting has been demonstrated to not cause a phase variation in circadian rhythms. The rats were housed in individual, stainless steel, wire-mesh-bottomed cages at 22Ϯ1˚C and 55Ϯ5% humidity, in a room free from specifi c pathogens. Food and distilled water were provided to all rats ad libitum.
Animals were maintained in accordance with the Guidelines for the Care and Use of Laboratory Animals (Notifi cation of the Prime Minister's Offi ce in Japan).
Diets. In Ex. 1, seven water-soluble vitamins (choline, nicotinic acid (NA), pantothenic acid (PA), vitamin B6 (VB6), vitamin B1 (VB1), vitamin B2 (VB2) and folic acid (FA)) and the lighting condition were selected as factors, and the experimental protocol and diet composition were designed based on the L16( 2 15 )-type orthogonal array, which can be used to examine up to eight factors (11, 12) . The examined factors and their levels are shown in Table 1 . Eight types of experimental diet were prepared based on the L16 (2 15 )-type orthogonal array (Table 2) .
In Ex. 2, two water-soluble vitamins (biotin and vitamin B12 (VB12)) and the lighting condition were 4 Diluted with sucrose to 1,000 times. 5 Diluted with mannitol to 1,000 times. 6 Diluted with sucrose to 10 times. 7 Diluted with sucrose to 100 times. selected as factors, and the experimental protocol and diet composition were designed based on the three wayclassifi cation. The examined factors and their levels, and the diet composition are shown in Tables 3 and 4 , respectively. The water-soluble vitamin contents were normal (AIN-93G diet) or high, six times the normal content. In a previous experiment (9), the high water-soluble vitamin diet, with three times the normal vitamin content, improved the depression of gonadal development of rats kept under constant darkness. In the present experiment, we used an even higher vitamin content, six times the normal content. The normal and high levels of vitamins are shown as level 1 and level 2, respectively. The dietary protein level was low, 9% casein and 0.135% cystine, and the fat-soluble vitamin levels were low, 1/3.3 of normal content. Other components were based on the AIN-93G diet.
In Ex. 1, there were eight kinds of diet and 16 groups. In Ex. 2, there were four kinds of diet and eight groups.
Analysis. After 4 wk of treatment, the rats were decapitated, and the blood and gonadal organs (testes, epididymides, seminal vesicles and prostate) were collected. The gonadal organs were weighed. Blood was centrifuged (3,000 rpm, 15 min, 4˚C), and the serum obtained was stored at Ϫ20˚C until analysis, when serum testosterone concentration was measured by a radioimmunoassay kit (CIS Diagnostic Co., Tokyo, Japan).
Statistical analysis. Statistical analysis followed the original method for the orthogonal array table (Ex. 1) or three-way classifi cation (Ex. 2) (11, 12, 14) .
The effects of factors and interactions between factors on gonadal organ weights and serum testosterone concentrations were determined by ANOVA. Then, in order to get the most suitable combination of factors and their levels, the estimated values of population mean were calculated (14) . The estimated values of gonadal organ weight and serum testosterone concentration were calculated only in accordance with the factors that showed signifi cant differences (pϽ0.05). Therefore, the values in the tables are estimated values of population mean, which have a statistical difference. For analysis, we used the software developed by the Japan Technology Training Institute Co., Ltd. (Tokyo, Japan; JUSE-QCAS/V6.0).
RESULTS
The functioning of the gonadal organ during the growing period is in direct proportion to the weight of the organ (15) . Therefore, in this study, the weights of the gonadal organs were compared by absolute value, not by the value per 100 g body weight. The highest recorded weight of gonadal organs was evaluated as a suitable indicator of normal development of the rats.
Results of ANOVA
The effects of dietary water-soluble vitamin content 4 AIN-93 water-soluble vitamin mixture omitted biotin and vitamin B12. 5 Diluted with sucrose to 1,000 times. 6 Diluted with mannitol to 1,000 times. on gonadal organ weight, serum testosterone concentration, body weight, total food intake and food efficiency are shown in Tables 5 and 6 . The effects of the lighting condition and water-soluble vitamins as well as the effects of their interaction on gonadal organ and body weight were observed. In particular, the lighting condition and the interaction of the lighting condition and PA affected many of the assessed items.
Estimated values of population mean of body weight, total food intake, food effi ciency, gonadal organ weight and serum testosterone concentration
The estimated values of the factors (lighting condition and nine water-soluble vitamins) that had a signifi cant effect on body weight, total food intake, gonadal organ weight and serum testosterone concentration are shown in Tables 7 and 8 .
Body weight, total food intake and food effi ciency. In Ex. 1, the estimated values of the body weight are shown twice in Table 7 , because these values couldn't be calculated using eight factors at a time by the software which we used. The estimated values of the lighting condition, choline, NA, PA, VB6 and VB2, which interacted with the lighting condition, are shown as the estimated values (A) in Table 7 , and the estimated values of VB1 and FA, which did not interact with the lighting condition, are shown as the estimated values (B) in Table 7 . The highest values for body weight (163.7 g and 147.2 g in Table 7 ) were observed in rats maintained under normal lighting and a normal-choline, normal-NA, high-PA, high-VB6, normal-VB2, normal-VB1 and high-FA diet. In the D-groups, the highest value for body weight was observed in a normal-choline, high-NA, high-PA, normal-VB6, normal-VB2, normal-VB1 and high-FA diet ( Table 7 ). The interactions of the lighting condition and choline, NA, PA, VB6, and VB2 showed that the effects of vitamin levels in the diet differed according to the lighting condition.
In Ex. 2, only the lighting condition was observed to affect the body weight (Tables 6 and 7) .
The highest value for food intake in Ex. 1 (331.8 g) was observed in rats maintained under normal lighting and a normal-choline diet (Table 7 ). In Ex. 2, the highest value for food intake (338.1 g) was observed in rats maintained under normal lighting and a high-biotin diet (Table 7 ). In the N-groups, the food intake increased when changing to a high-biotin diet from a normal-biotin diet (from 321.0 to 338.1 g, 17.1-g increase, Table  7 ) but decreased following this change in the D-groups (from 303.9 to 294.8 g, 9.1-g decrease, Table 7 ).
As for the food effi ciency, in both experiments, only the effect of lighting condition was observed (Tables  5-7) .
Testes weight. In Ex. 1, the highest value for testes weight (2.200 g) was observed in rats maintained under normal lighting and a normal-PA, high-VB6 and high-VB1 diet, and the lowest value (0.907 g) was observed in rats maintained under constant darkness and a normal-PA, high-VB6 and high-VB1 diet. In the D-groups, the highest value for testes weight (1.547 g) was observed in rats on a high-PA, normal-VB6 and normal-VB1 diet (Table 8 ).
In the N-groups, the testes weight decreased when changing to a high-PA diet from a normal-PA diet (0.053-or 0.054-g decrease, Table 8 ) but increased in response to this change in the D-groups (0.232-or 0.233-g increase, Table 8 ). In addition, the interaction of the lighting condition and VB6 showed that the testes weight increased with the change to a high-VB6 diet from a normal-VB6 diet in the N-groups (0.023-g increase, Table 8 ) but decreased following this change in the D-groups (0.213-or 0.214-g decrease, Table 8 ). Moreover, the interaction of the lighting condition and VB1 showed that the testis weight increased with the change to a high-VB1 diet from a normal-VB1 diet in the N-groups (0.077-or 0.078-g increase, Table 8 ) but decreased following this change in the D-groups (0.194-or 0.195-g decrease, Table 8 ).
In Ex. 2, only the lighting condition was observed to affect the testes weight (Tables 6 and 8) .
Epididymides weight. In Ex. 1, the highest value for epididymides weight (282.3 mg) was observed in rats maintained under normal lighting and a normal-PA and high-VB1 diet, and the lowest value (105.7 mg) was observed in rats maintained under constant darkness and a normal-PA and high-VB1 diet. In the D-groups, the highest value for epididymides weight (155.3 mg) was observed in rats on a high-PA and normal-VB1 diet (Table 8) .
In the N-groups, the epididymides weight decreased when changing to a high-PA diet from a normal-PA diet (22.9-or 23.0-mg decrease, Table 8 ) but increased in response to this change in the D-groups (29.5-or 29.6-mg increase, Table 8 ). In addition, the interaction of the lighting condition and VB1 showed that the epididymides weight increased with the change to a high-VB1 diet from a normal-VB1 diet in the N-groups (18.9-or 19.0-mg increase, Table 8 ) but decreased following this change in the D-groups (20.0-or 20.1-mg decrease, Table 8 ).
In Ex. 2, only the lighting condition was observed to affect the epididymides weight (Tables 6 and 8) .
Seminal vesicle weight. In Ex. 1, the highest value for seminal vesicle weight (176.5 mg) was observed in rats maintained under normal lighting and a normal-PA and high-FA diet, and the lowest value (17.0 mg) was observed in rats maintained under constant darkness and a normal-PA and normal-FA diet. In the D-groups, the highest value for seminal vesicle weight (44.2 mg) was observed in rats on a high-PA and high-FA diet (Table 8) .
In the N-groups, the seminal vesicle weight decreased when changing to a high-PA diet from a normal-PA diet (11.6-or 11.7-mg decrease, Table 8 ) but increased in response to this change in the D-groups (14.7-mg increase, Table 8 ).
In Ex. 2, only the lighting condition was observed to affect the seminal vesicle weight (Tables 6 and 8) .
Prostate weight. In Ex. 1, the highest value for prostate weight (136.2 mg) was observed in rats maintained under normal lighting and a normal-choline, normal-NA, high-PA and normal-VB2 diet, and the lowest value (33.3 mg) was observed in rats maintained under constant darkness and a high-choline, high-NA, normal-PA and normal-VB2 diet. In the D-groups, the highest value for prostate weight (68.8 mg) was observed in rats on a normal-choline, normal-NA, high-PA and high-VB2 diet (Table 8) .
In the N-groups, the prostate weight increased slightly when changing to a high-PA diet from a normal-PA diet (0.4-mg increase, Table 8 ), but it increased greatly in response to this change in the D-groups (14.7-or 14.8-mg increase, Table 8 ). In addition, the interaction of lighting condition and VB2 showed that the pros- tate weight decreased when changing to a high-VB2 diet from a normal-VB2 diet in the N-groups (11.4-mg decrease, Table 8 ), but it increased in response to this change in the D-groups (1.1-or 1.2-mg increase, Table  8 ).
In Ex. 2, only the lighting condition was observed to affect the prostate weight (Tables 6 and 8) .
Serum testosterone concentration. In Ex. 1, there was no effect of lighting condition or vitamins on serum testosterone concentration (Table 5 ).
In Ex. 2, the effects of lighting condition and the interaction of lighting condition, biotin and VB12 on the serum testosterone concentration were observed (Tables 6 and 8 ). The highest value for testosterone concentration (1.729 ng/mL) was observed in rats maintained under normal lighting and a normal-biotin and high-VB12 diet, and the lowest value (0.361 ng/mL) was observed in rats maintained under constant darkness and a high-biotin and normal-VB12 diet (Table  8 ). In the D-groups, the highest value for testosterone concentration (0.844 mg/mL) was observed in rats on a normal-biotin and normal-VB12 diet ( Table 8) .
The interaction of three factors, the lighting condition, biotin and VB12, showed that in the N-groups, the testosterone concentration increased with the change to a high-VB12 diet from a normal-VB12 diet when the diet included normal biotin (from 1.305 to 1.729 ng/ mL, Table 8 ), but in the D-groups, the concentration decreased as a result of this change (from 0.844 to 0.510 ng/mL, Table 8 ).
DISCUSSION
The purpose of this study was to clarify the most suitable quantities and ratios of nutrients necessary to support gonadal development under the case of disturbed daily rhythm. We previously reported the requirements for various amino acids, minerals and fat-soluble vitamins (5-10). In a previous study (9) , we observed that a low fat-soluble vitamin and high water-soluble vitamin diet, 1/3.3 of normal content of fat-soluble vitamins and three times the normal content of water-soluble vitamins, mitigated the depression of gonadal development in rats kept under constant darkness as a model of disturbed daily rhythm. As a next step, we attempted to clarify which vitamins from a selection of water-soluble vitamins are useful for the mitigation of the depression of gonadal development. In this experiment, the water-soluble vitamin content was six times the normal content, because our goal was to enhance the effect of water-soluble vitamins.
The composition of the AIN-93G diet for growing rats and mice is calculated on the basis of obtaining the optimal body weight (16) . The protein and fat contents in the AIN-93G diet are higher than those in the AIN-93M diet for adult rats and mice, but the vitamin content of the AIN-93G diet is the same as that of the AIN-93M diet. In this experiment, in the case of rats kept under normal lighting, the body weight changed from 161.8 to 163.7 g (1.2% increase) (Table 7) when the quantity of PA and VB6 in the diet increased to six times the normal, and the body weight changed from 143.7 to 147.2 g (2.4% increase) (Table 7) when the quantity of FA in the diet increased to six times the normal. These values were not very large, but these results showed that the diet with more PA, VB6 and FA than is included in the AIN-93G diet was more desirable for the increase in body weight in growing rats from 4 to 8 wk old.
As in our previous studies (6, (8) (9) (10) , the body weight gain decreased when rats were kept under constant darkness in the present study. Moreover, dietary choline, NA, PA, VB6 and VB2 had interactions with the lighting condition, which indicates that the amount of these vitamins for body weight gain differs based on the lighting condition. It is interesting that the amount of vitamin for body weight gain differs when constant darkness is maintained. Further research to interpret this result is needed.
In the present study the lighting condition and seven vitamins infl uenced gonadal development. PA, VB6, VB1 and VB2 had interactions with the lighting condition, while choline, NA and FA did not have interaction with the lighting condition. Biotin and VB12, whether their levels were normal or high, did not affect gonadal development.
It has been reported that a PA-free diet reduces body weight gain, gonadal weight and serum testosterone concentration, which indicates that PA is necessary to maintain gonadal function (17) . It has also been reported that a mild PA defi ciency diet (1/100 of normal level) decreases the serum triglyceride level and free fatty acid level after a 12-h fast (18) . On the other hand, in an experiment with excess PA, a 3% PA diet (approximately 3,000 times the normal PA content) induced reductions of food intake and body weight, diarrhea and enlarged lungs, but a 1% PA diet (approximately 600 times the normal content) did not induce these phenomena (19) . In the present study, the dietary PA level was six times the normal content, a high but not excessive level, and a high-PA diet increased gonadal weight of rats in the D-groups but decreased gonadal weight of rats in the N-groups. It is diffi cult to interpret the present results, because there is currently no report of any study examining the relation between PA and daily rhythm, although there are reports about the relation between PA and the gonads. The fact that a high-PA diet increases gonadal weight in the D-groups shows that the high-PA diet is effective in mitigation of the depression of gonadal development in rats kept under disturbed daily rhythm. A study focused on PA metabolism and daily rhythm is needed.
More VB2 was needed for gonadal development by the D-groups than by the N-groups, but this effect was shown on prostate weight only and not on all gonads. Growth failure, hair loss, skin lesions, nervous system abnormalities and impaired fertility have been reported as symptoms of VB2 defi ciency in experimental animals (20) . VB2 has been demonstrated to participate in gonadal development (20) . On the other hand, it has been reported that VB2 excess cannot be induced, because there is an upper limit of absorption and accu-mulation of VB2 by the body's organs (20) . In the present study, a high-VB2 diet increased prostate weight of rats in the D-groups but decreased prostate weight of rats in the N-groups. It is diffi cult to clear up the reason for the results of the present study by the references which have been reported about the relation between VB2 and prostate, and VB2 and daily rhythm. However, in the D-groups, the high-VB2 diet tended to decrease the weight of the testes, epididymides and seminal vesicles (pϽ0.08, pϽ0.07 and pϽ0.09 respectively, data not shown), which may account for the difference. As a whole, we believe the results show that a normal-VB2 diet is better than a high-VB2 diet for gonadal development.
Our study showed that normal levels of VB1 and VB6, not high levels of VB1 and VB6, were needed for gonadal development when keeping rats under constant darkness.
It was reported that a 1% VB1 diet (about 1,700 times the normal content) did not infl uence body weight or testes weight (21) . In the present study, the rats kept under normal lighting showed no adverse effects from a high-VB1 diet, which supported the results of the previous study. The rats kept under constant darkness, in contrast, showed adverse effects on the testes and epididymides weights from a high-VB1 diet. In a study about the relation between dietary VB1 and daily rhythm, a VB1 defi cient diet induced a low body temperature and disappearance of body temperature rhythm (22) , but there is no report about the relationship between gonadal development, dietary VB1 and daily rhythm. The results of the present study suggest that the metabolism of VB1 might have been changed in rats kept under constant darkness, but it is diffi cult to draw certain conclusions. Further study of this issue is needed.
A high-VB6 diet increased the testes weight of rats in the N-groups but decreased it in the D-groups. This result shows that there was an adverse effect of the high-VB6 diet on the D-groups. An excess-VB6 diet induced neurological damage in an animal experiment (23) . It was also reported that the administration of VB6 at 250 or 500 mg/kg BW intraperitoneally induced abnormal spermatogenesis and testis atrophy after 2 or 4 wk of treatment (24, 25) . On the other hand, Fukuwatari et al. reported that a 1% VB6 diet (about 1,400 times the normal level) decreased body weight but did not infl uence testes weight of rats (26) . In the present study, the rats kept under normal lighting showed no adverse effects from a high-VB6 diet, which supported the results of the previous study. In contrast, the rats kept under constant darkness showed adverse effects on the testes from a high-VB6 diet. As with VB1, the metabolism of VB6 might have been changed in rats kept under constant darkness. Further study is required to clarify the meaning of this fi nding.
Regardless of the lighting condition, choline, NA and FA infl uenced seminal vesicle and prostate weights. A high-choline and NA diet decreased prostate weight and a high-FA diet increased seminal vesicle weight. These vitamins did not infl uence testis or epididymis weights. We suspect there may be a priority ranking in gonadal organs; the testes and epididymides, which are related to spermatogenesis and sperm maturation, are more important than the accessory sexual organs, the seminal vesicles and prostate. So it is possible that the testes and epidydimides would be protected from a changing dietary vitamin level.
The serum testosterone concentration was infl uenced by biotin and VB12, which did not infl uence the gonadal organs. The effects of biotin and VB12 on testosterone were different based on the lighting condition, and also, the interaction between biotin and VB12 was opposite between the N-groups and D-groups. In our previous study of water-soluble vitamin mixtures we reported that the testosterone level was not infl uenced by watersoluble vitamin mixture levels that were low (1/3.3 of the normal content), normal or high (3 times the normal content) (9) . In the present study we examined water-soluble vitamins individually, and their levels in the diets were normal or high (6 times the normal content), and we obtained more detailed results.
It has been reported that a biotin defi ciency causes the seminiferous tubules to atrophy and decreases the serum testosterone concentration, and these symptoms are obtained by biotin administration (27) . It has also been reported that VB12 defi ciency causes testis histological alteration (28) , but there is no report about the relation between testosterone and VB12. Furthermore, there is no report about the interaction between biotin and VB12 on testosterone secretion. Therefore, it is diffi cult to discuss the results of interaction between biotin and VB12. Earlier studies had shown that VB12 was related to biological rhythm and was effective in correcting sleep rhythm disorder (29) , but a later study showed that VB12 does not have this effect (30) . The results of the present study, showing that the effect of VB12 on testosterone differed according to the lighting condition, suggest that the absorption, excretion or metabolism of VB12 would be changed by keeping rats under constant darkness, or that a process related to testosterone secretion as part of the metabolism in which VB12 participates would be changed by keeping rats under constant darkness. Further study of this issue is required.
The present results showed that the depression of gonadal development of rats kept under constant darkness can be diminished by feeding a high-PA diet. On the other hand, a high-VB1 and high-VB6 diet promoted the depression of gonadal development, and the toxicities of B1 and VB6 on gonadal development were shown. Usually the toxicity of water-soluble vitamins does not appear when they are given by oral ingestion, but under the particular situation of our experiment, the toxicity could be shown with a high level of sensitivity, which indicates that the particular situation of vitamin ingestion should be considered when studying toxicity.
In this study, the serum vitamin concentrations and the metabolic products of vitamins in serum or urine were not measured, because the purpose of this study was to accumulate data about the effects of a range of vitamins on gonadal development, mainly by using fac-tor analysis, as in previous studies (5) (6) (7) (8) (9) (10) . As the next step, we will focus on the main vitamins that infl uenced the gonadal development in rats kept under constant darkness as a model of disturbed daily rhythm. We hope to clarify how the function and metabolism of these vitamins will be changed by the disturbed daily rhythm, and how these vitamins will affect the gonadal development at the cellular or the molecular levels.
